Purpose-Nystagmus is a condition of involuntary eye movement. The causes for nystagmus may be congenital, idiopathic, or acquired. Considerable debate exists on the therapeutic potential of various surgical techniques. Currently, there are neither standardized protocols nor devices to record quantitative data on patients with clinical nystagmus undergoing various procedures at multiple centers to facilitate randomized prospective clinical trials.
Introduction
Numerous surgical approaches have been reported for the treatment of nystagmus 1, 2 . A standardized method for the quantitative evaluation of these surgical improvements is lacking, which has led to a clinical standard of describing only qualitative improvements in nystagmus 3 . Several techniques have been developed for measuring and recording eye movements for the study of nystagmus in laboratory settings. For the past 40 years, scleral search coils (involving the use of a wire-embedded contact lens that generates recordable changes in the surrounding magnetic field as it moves with the eye) have served as the gold standard for human patients. Although precise spatially (<1°) and temporally (<1ms), scleral search coils have limited clinical application in children due to their invasive nature 4, 5 .
An alternate strategy to this scleral search coil technique involves a video recording technology, called infrared videonystagmography (VNG). Several studies have compared the simultaneous recordings of VNG and scleral search coil methods in both human [6] [7] [8] and non-human 9, 10 patients. These studies found that although the search coils were better for measuring torsional movements, the two systems gave comparable accuracy for eye position, especially in the horizontal axis 9 .
In the field of audiology, VNG systems are commonly used to diagnose vertigo and balance disorders 11 . In ophthalmology, the use of objective eye movement recording for oculomotor assessment remains relatively rare 12 . Data from the equipment manufacturers claim accuracy, though independent verification by ophthalmologists is lacking. To assess the value of using VNG systems to objectively quantify the surgical effect of a nystagmus procedure, it is important to define the reliability and variability of that particular system to quantitate movement parameters in any setting.
We report on the smooth pursuit and saccade eye movement waveforms elicited from normal patients while viewing standardized calibrated targets. Serial trials were performed on each patient to determine test/retest reliability. Additionally, multiple examiners tested each patient to determine between-tester variability. If system reliability can be confirmed by low variability among testers, and high reliability within a tester in normal subjects, then the system may be further used to accurately quantify the results of surgical effects in patients with nystagmus.
Patients and Methods
In this report, we investigated the eye movement waveforms elicited from normal patients and examined the reliability and variability of a commercially available infrared VNG unit (Interacoustics VO405, Interacoustics, Eden Prairie, MN). This study was approved by Institutional Review Boards at University of California-Irvine. After obtaining statistical consultation on the study design, 13 patients (at least 18 years of age) were recruited. Any patient with a history of eye surgery, eye trauma, or nystagmus was excluded. Three of the researchers for this study (AG, DM, JE) acted as testers after undergoing training with the VNG system, as described by the manufacturer (see manual for Interacoustics).
Interacoustics VNG
The VO405 Interacoustics VNG apparatus is commercially available and is used to record and analyze eye movement characteristics of induced nystagmus (caloric irrigation of the ear canal, or rapid changes in posture) in patients with dizziness and imbalance. It consists of a set of goggles with infrared cameras to simultaneously record bilateral eye movement (corneal light reflex through transparent prism goggles), a projector to display calibrated targets for the subject to view, and a computer software program to display, record, and analyze the eye movement data (Interacoustics).
The VNG recording software quantitates and displays characteristics of the fast and slow components of eye movement. The software is capable of analyzing components of spontaneous nystagmus (no light), nystagmus during gaze/fixation (light), pursuit, saccade and optokinetic nystagmus. To determine the VNG's reliability in the study of nystagmus, we presented subjects without clinical nystagmus two different stimulus paradigms: smooth pursuit and saccade targets from the VNG software to simulate the slow and fast components of a jerk nystagmus. In each testing, subjects were instructed to face the projection screen and follow the projected dot with their eyes while keeping their head still. In smooth pursuit, the dot would appear in the center of the screen and smoothly oscillate right to left 20°. In the saccade program, the dot would appear in the center of the screen and after a few seconds disappear and reappear at a new location in the horizontal plane prompting a rapid eye movement to regain fixation on the target. Each sequence lasted approximately 20 seconds. All patients were positioned 70 cm (the testing distance between the patient's eyes and test object) from the target screen, as per manufacturer's instructions. Calibrations were performed as recommended by the manufacturer. Simultaneous binocular video recordings of the eyes and two-dimensional linear tracings of the movement were displayed by the software. Data were analyzed quantitatively and qualitatively as numerical data was immediately applied to these eye movements by the proprietary software program.
Data Collection
Each of the three testers (A, B, and C) performed three consecutive VNG sessions on each subject for a total of nine sessions per patient. Each session consisted of one 20-second smooth pursuit trial (slow movement) followed by one 20-second saccade trial (fast movement). Between each session, the tester recalibrated the equipment by physically removing and refitting the goggles on the patient to simulate variability between multiple patient visits with the same tester. To minimize the effect of subject learning or fatigue, the order of testers were varied by randomly assigning each subject to one of the following tester sequences: ABC, ACB, BAC, BCA, CAB, and CBA. There were at least two subjects assigned to each order. This study design was created by consultation with a statistician (University of California-Irvine, Institute for Clinical and Translational Science).
The measures of fast and slow eye movements were generated by the software and displayed numerically. Data points included saccadic velocity in saccadic refixation (degrees per second), latency (time to initiation), precision (saccadic acquisition of target), gain (accuracy in pursuit of targets), and slow phase velocity of pursuit (degrees per second). Each eye was analyzed independently and data were separated for movements of the right eye into right and left gaze and for the left eye into right and left gaze (Table 1) .
Statistical Analysis
For test/retest reliability, the three VNG sessions performed by the same tester for the same study patient were summarized using coefficient of variation (CV = standard deviation/ mean) for each outcome of both eyes and both moving directions. To evaluate possible tester difference and session order effect, a linear mixed model was applied for each outcome, adjusting for eyes and movement direction. In the linear mixed model, a covariance matrix was constructed to account for the correlation between eyes and between moving directions, and the 9 repeated sessions were modeled with a compound symmetry covariance structure. For this study, we performed a total of 35 hypotheses tests (7 tests for each outcome). To control for the multiple hypothesis tests, the false discovery rate adjustment method 13 , which controls the expected false discovery among all significant findings, was applied. When applicable, both original P value and false discover rates (ie, adjusted P value) are presented. All analyses were performed with SAS 9.3 (SAS Institute, Cary, NC) and the false discovery rate level was set at 0.05.
Results

Test/Retest Reliability
Thirteen CVs were obtained from the three trials performed by the same tester for each outcome by eyes, moving direction, and tester ( Figure 1) . The median and maximum CVs were 8.3% and 31.1% for latency, 8.1% and 39% for velocity, 7.7% and 34.2% for precision, 6.1% and 53.1% for gain, and 6.9% and 31.2% for SPV. Of the 260 CVs computed for each tester, 35 (13.5%), 7 (2.7%), and 35 (13.5%) CVs were more than 20% for tester A, B, and C, respectively (Figure 1 ).
Interobserver Variability
Results from the linear mixed model showed that after adjusting for eyes and moving direction, the order of the tester or trial session did not affect any of the outcomes. However, there was a significant difference in interobserver variability for all outcomes except latency. Although testers A and B were not greatly different from each other, tester C depicted significantly higher measures for velocity, precision and SPV, and lower measures for gain (all P<0.001, all false discovery rates <0.005) versus testers A and B. To visualize the difference of interobserver variability, the difference between the observed value and the mean value of each study subject was calculated. A box-and-whisker plot of the difference by each individual tester is illustrated in Figure 2 .
Discussion
This report examined the eye movement waveforms elicited from normal patients to determine the reliability and variability of a commercially available infrared VNG unit. To calculate the amount of variability produced by a VNG system to track eye movements, it must be acknowledged that there are inherent confounding components which may be difficult to quantify such as the inherent variability of the device or software, and any variability in the response of the patient (attention and ability to follow protocol). At this point, a study paradigm that tests human patients cannot be created where these variables are uniformly controlled.
Our results showed that the overall test/retest variability was low, where the median CV of the three testers for all five eye movement categories was less than 15%, and less than 10% of the CVs calculated were more than 20%. Although the CV values differed among testers, the CVs were not greatly different among the various VNG outcomes. With low test/retest variability, the VNG system (machine and human combined) is considered reliable to produce repeated measurements with consistency when operated by the same person. Results of future movement study data showing changes greater than 20% before and after treatment can confidently be attributed to treatment effect rather than VNG system variability, when patients are tested by the same examiner.
Although variability within each tester on the same patient was low, interobserver variability performing tests on the same patient was higher than preferred. Based on the results of the linear mixed model, there was significant interobserver variability for all categories measured, except latency. This disparity can be attributed to actions directly performed by each tester including how they placed the goggles on the patients as well as each tester's manual alignment of the cameras before calibration by the system.
Since there was a significant between-tester difference, future studies using repeated VNG measures should aim to have each patient examined by the same tester for all visits. Multiple testers taking measurements of the same patient across multiple visits could lead to a higher variability in the data. Also, testers confounded with the study condition, such as one tester in the preoperative setting and one in the postoperative setting, or one tester for one type of procedure and another for a different procedure, could lead to biased conclusions. Box-and-whisker plot for coefficient of variation (CV) from three trials performed by the same tester for the same subject (n=13). Circles represent individual CV (%); boxes represent the 1 st quartile (Q1), median, and the 3 rd quartile (Q3); the lower whisker extends to the minimum observation; the upper whisker extends to the maximum observation below upper fence, (where upper fence = Q3+1.5*(Q3-Q1)); and observations above the upper fence are outliers. The dashed line shows a reference line of 20% CV. Box-and-whisker plot, for each tester (n=39), of the difference between the observed value and the mean value of each study subject. Circles represent individual difference; boxes represent the 1 st quartile (Q1), median, and the 3 rd quartile (Q3); the lower whisker extends to the minimum observation above the lower fence, (where lower fence = Q1-1.5*(Q3-Q1)); the upper whisker extends to the maximum observation below upper fence, (where upper fence = Q3+1.5*(Q3-Q1)); and observations beyond the lower or upper fences are outliers. The dashed line shows the reference line of 0. Distribution of the five data categories for both eyes and both moving directions min = minimum; max = maximum; SD = standard deviation; OD = right eye; OS = left eye; SPV = slow phase velocity a Distribution of the five data categories for both eyes and both moving directions.
b Values represent the accuracy of tracking, where 100% = perfect correlation of eye and target position.
